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| INTRODUC TI ON
Efficient allocation of attention is critical for many situations.
Maintaining a conversation, finding a book in a cluttered office, or learning an abstract rule all require focusing on some aspects of information and ignoring others. When such focusing (or selection) is based on goals or priorities (rather than elicited by stimulus properties), this ability is referred to as top-down selective attention (henceforth selective attention). This research examines the relationship between selective attention and visual working memory (WM) capacity, with the goal of understanding factors contributing to the development of WM capacity. In what follows, we first consider the development of selective attention. We then consider theories of WM capacity and discuss possible mechanisms by which selective attention may affect WM and its development.
| The development of selective attention
Selective attention is often described as the ability to focus on and prioritize relevant information while filtering out irrelevant information. This prioritization transpires in attending only to a given channel in dichotic listening tasks (see Pashler, 1999, for review) , finding target features in visual search (Bacon & Egeth, 1994; Duncan & Humphreys, 1989; Leber & Egeth, 2006; Yantis & Jonides, 1984) , or identifying diagnostic features that distinguish categories (Deng & Sloutsky, 2016; Fisher & Sloutsky, 2004; Gureckis, 2004; Hoffman & Rehder, 2010; Love, Medin, & Nosofsky, 1986; Shephard, Hovland, & Jenkins, 1961) .
This importance notwithstanding, selective attention exhibits protracted development (see Hanania & Smith, 2010; Plude, Enns, & Brodeur, 1994 , for reviews). Most importantly, young children frequently fail to filter out task-or goal-irrelevant information, instead distributing their attention between what is relevant and what is not.
Such distributed attention results in (a) processing more information than is required (Plebanek & Sloutsky, 2017) and (b) sometimes less efficient processing of relevant information (e.g. Napolitano & Sloutsky, 2004; Robinson & Sloutsky, 2004) .
For example, in the flanker task (Eriksen & Eriksen, 1974) , participants respond to a target (e.g. the direction of an arrow) that is flanked by distracters. The flankers are either congruent (i.e. pointing in the same direction as the arrow), incongruent (i.e. pointing in the opposite direction), or absent. Effects of the flankers are evident as either facilitation in the congruent condition or interference in the incongruent condition. Efficient filtering minimizes these effects, and there are substantial improvements in filtering between the ages of 4 and 7 (Rueda, Posner, & Rothbart, 2005 ; see also Enns & Akhtar, 1989) . Coch, Sanders, and Neville (2005) provided converging evidence for developmental differences in filtering using a dichotic listening task. Participants were instructed to attend to one channel and ignore the other channel, and an oddball probe occurred in either channel. ERP data suggested that whereas 6-8-year-olds and adults ably detected the oddball in the attended channel, only children were likely to detect the oddball in the unattended channel.
More recently Plebanek and Sloutsky (2017) examined the development of filtering using a change detection task. Adults and 4-5-year-olds first saw an image consisting of two overlaid shapes, and one of the shapes was cued (i.e. participants made a familiarity judgment about it). Participants then saw probes, in which one of the shapes may have changed. While adults were better than children at identifying changes in the cued shapes, children outperformed adults in identifying changes in the uncued shapes. Similar patterns of attention and memory were reported by Sloutsky (2015, 2016 ) in a category learning task.
In sum, the ability to attend selectively and filter out irrelevant information undergoes protracted development. In addition, there is evidence that filtering ability is linked to WM capacity (Kane, Bleckley, Conway, & Engle, 2001; Vogel, McCollough, & Machizawa, 2005) , and perhaps the development of filtering contributes to increases in capacity.
| Working memory (WM) capacity and its development
It is hardly controversial that WM capacity is limited (see Oberauer, Farrell, Jarrold, & Lewandowsky, 2016 , for a recent review). However, the reasons for this limit are heavily debated. In their comprehensive review, Oberauer et al. (2016) consider three broad classes of theories of working memory capacity: decay, resources, and interference.
According to the decay theories, WM traces decay over time.
The decay can be prevented by some form of maintenance (e.g. rehearsal), but when the number of to-be-maintained items exceeds capacity, it becomes impossible to rehearse all the items and some items decay.
Another view suggests that WM is resource-limited, such that only a limited number of items can be maintained without losing precision of the representations. Within this view, some researchers argue that there is a limited number of discrete slots, whereas others argue that the limit comes from a continuous pool of resources that determines the precision of each item's processing (see Donkin, Nosofsky, Gold, & Shiffrin, 2013; Rouder et al., 2008 , for a review of both positions). Mathematical models capturing these viewpoints have largely supported the discrete slots theory over the general resource theory (Donkin et al., 2013; Rouder et al., 2008) .
The third idea is that the limit stems from interference exerted by other items entering WM (e.g. Oberauer & Lin, 2017) . The more items in WM, the more likely that some form of interference would occur. Therefore, only a limited number of representations could be stored in WM before some of the items are corrupted or distorted by interference from other items.
On the basis of their review, Oberauer et al. (2016) concluded that the decay theory has only weak empirical support, whereas both the resource limitation and the interference theories are well supported. Crucially, each of these accounts offers a different mechanism of the development of WM capacity. If decay is the critical factor, then the ability to rehearse and the number of items that can be rehearsed could increase with age, causing the rate of decay to decrease. If resource limitation is the critical factor, then development could result in an increase of available resources. And finally, if interference is the critical factor, then development could result in the ability to resist interference. There is evidence suggesting that the ability to resist interference (at least in long-term memory) increases with age (Darby & Sloutsky, 2015a , 2015b . Also, each of these accounts is compatible with the possibility of a more efficient use of existing cognitive resources (regardless of the theoretical construal of these resources).
Although multiple candidate factors accounting for the development of WM are available, identifying a specific factor has proved to be elusive (Cowan, 2016) . This difficulty notwithstanding, it is generally accepted that capacity increases throughout childhood and reaches adult-like levels of 3-5 items between 5 and 10 years of age (Cowan, 2010; Cowan, Fristoe, Elliott, Brunner, & Saults, 2006; Riggs, McTaggart, Simpson, & Freeman, 2006; Simmering, 2012) . 
RESEARCH HIGHLIGHTS
• The nature of working memory (WM) capacity is often debated.
• We examine the role of selective attention in WM capacity across development.
• We report that selective attention plays a critical role in developmental and individual differences in visual working memory capacity.
• These results support the hypothesis that efficient use of existing resources may contribute to the development of WM capacity.
filtering out irrelevant information can affect performance: filtering results in more resources available for processing relevant information (e.g. Cowan, 2001; Hasher & Zacks, 1988; Kane et al., 2001; Vogel et al., 2005) . This possibility links WM to the development of a broader set of cognitive processes, specifically selective attention.
There is evidence of such interplay between selective attention and WM capacity in adults. For example, Vogel et al. (2005) presented participants with a change detection task and instructed them to attend to items in a given color. The researchers used EEG to measure contralateral delay activity (CDA), an index of the number of items in visual WM. As the number increases, the amplitude of CDA increases as well. Successful filtering should result in little to no increase in CDA amplitude when irrelevant information (i.e. items in a non-target color) was added. Larger increases in CDA due to irrelevant information were associated with lower WM capacity.
Thus, some researchers have linked WM capacity with filtering: more efficient filtering results in more resources available for processing necessary information (e.g. Allon & Luria, 2017; Cowan, 2001; Hasher & Zacks, 1988; Kane et al., 2001 ). Here, we examine whether the development of filtering can also contribute to the development of WM capacity.
| Current study
The goal of the current study is to examine the link between filtering and the development of WM capacity. Several paradigms have examined this issue. In one paradigm participants completed a change detection task, instructed to attend to one feature (e.g. items of one shape). They were tested 80% of the time on the to-be-attended feature and 20% of the time on the to-be-ignored feature (i.e. a non-attended shape).
Differences in change detection of to-be-attended and to-be ignored items under different loads could serve as a measure of filtering. Another option is the previously described paradigm used by Vogel et al. (2005) , in which participants are presented with 'pure' change detection trials (trials without distracters) or 'filtering' change detection trials (trials including both targets and distracters) and CDA amplitudes for pure and filtering trials at the same loads were compared.
We opted for the second option. Although we did not use EEG, our filtering task is based on the same logic as the CDA analysis.
Assume that there are two relevant and two irrelevant items in a display. Successful filtering of the irrelevant items should result in little to no decrement in performance when compared to trials containing only two relevant items. In contrast, failure to filter should result in performance more similar to that of four relevant items. In the reported study, we used a behavioral filtering task and a standard WM task to explore the links between selective attention and WM. If filtering accounts for a significant proportion of developmental differences in capacity, this result would support the idea that filtering is a potential factor contributing to development of WM capacity.
| ME THOD

| Participants
The sample included 30 adults (17 females), 29 7-year-olds (M = 89.59, range 84.12-95.53, 14 girls), and 28 4-year-olds (M = 54.52 months, range 49.12-59.4 months; 17 girls). Two additional adults were dropped due to poor performance (i.e. negative performance resulting from greater false alarms than hits on trial types in the capacity task). Eight additional 4-year-olds were dropped: two for having a 'yes' bias in the task, four for not completing the experiment, and two for poor performance in the capacity task. One additional 7-year-old was dropped for poor performance in the capacity task.
Adults were undergraduate students at the Ohio State University, who received course credit. Children (typically developing, with no reported vision or hearing impairments) were recruited from preschools, daycares, and elementary schools around Columbus, Ohio.
| Materials and design
The experiment was administered using either a Dell desktop (adults) or a Dell laptop (children) and controlled via PsychToolBox (Brainard, 1997) , with stimuli presented on a black background. The experiment consisted of two tasks presented in a fixed order: (1) a standard working memory capacity task and (2) the filtering task (see Figures 1 and 2 ).
In the capacity task, the items were violet, rectangular blocks.
Based on previous research (e.g. Simmering, 2012) and our pilot studies, adults and 7-year-olds completed sets of one to four items (i.e. S1, S2, S3, and S4), whereas 4-year-olds only completed sets of one to three items (i.e. S1, S2, and S3).
The materials used in the filtering task contained two sets of items: One set consisted of bunnies outlined in a red rectangle, and the other set consisted of chickens outlined in a blue rectangle. Participants were randomly assigned to a 'target set'. The remaining set served as the 'distracting set'. In the filtering task, we used pure and filtering trials to asses filtering performance (see Table 1 ). Pure trials (i.e. trials without distracters) were similar to WM capacity task. There were two types of pure trials. 'Low load' trials contained S1 for 4-year-olds and S2 for 7-year-olds and adults as these values were expected to be within their capacities. 'High load' trials contained S3 for 4-year-olds and S4 for 7-year-olds and adults. These sizes were chosen in keeping with previous research on capacity development (Simmering, 2012) .
Three types of filtering trials were created by adding two or four distracter items to pure WM trials.
| Procedure
Participants were tested individually in their childcare centers or in the lab on campus. They were told that they would see several purple blocks that would appear on the screen very quickly and then After the demonstration, participants completed eight practice trials, each containing between one and four items (one to three for younger children) presented around a fixation cross. Stimuli were presented for 500 ms to children and for 100 ms to adults.
1 After the allotted display time, the screen went blank for a 900 ms retention interval. The array of items then reappeared for 1,000 ms. After this time, participants had to respond whether one of the blocks had rotated or all the blocks stayed the same. Feedback (happy and sad faces) was given for correct and incorrect responses.
After the practice block, participants proceeded to the capacity task, which did not differ from practice trials except that no feedback was given. They completed 48 trials (36 for younger children)
that were balanced for set size and whether an item changed.
The capacity task was followed immediately by the filtering task, which included the 'target' and 'distracter' sets. Participants were told (see Appendix B) that they would see some chickens and bunnies on a farm, and some of these animals liked to move around.
Their goal was to say when one of the animals rotated. Participants were given a 'hint' based on their assignment to the target/distracter sets. In the 'chicken condition', they were told that only the chickens liked to move and were asked to pay close attention to only the chickens. In the 'bunny condition', they were told the same about the bunnies. Participants were only queried about changes in the target set.
As in the capacity task, participants received a demonstration of both a trial in which an item rotated and a trial in which no items rotated. Participants saw two items from the target set, which then disappeared. When the items returned, one of the items had rotated and the other remained the same. This difference was pointed out to the participant by either the experimenter or the computer.
Participants then saw the same sequence of events for no-change trials.
After the demonstration, participants completed all 80 trials of the filtering task which were balanced by trial type and whether a change occurred, such that (1) all five trial types were equally represented and (2) half of the trials included a change and half did not. Timing was the same as the capacity task. Participants were never asked about the distracters, and the distracters never rotated.
Participants did not receive feedback or a practice phase section phase prior to this task.
| RE SULTS
| Working memory capacity task
Performance in the capacity task is presented in Figure 3 . To assess this performance, we calculated each individual's d′ for each set size that was completed and correcting for perfect performance.
2
Converting accuracies to d′ allowed us to compare bias-free sensitivity to changes in orientation both across set sizes and across age F I G U R E 1 Presentation sequence within a trial in the working memory capacity task
Adults: 100 ms Children: 500 ms 900 ms 1,000 ms groups (see Table 2 for proportions of 'yes' responses across the conditions).
To examine the development of WM, we first performed a 3
(Age: 4-year-olds vs. 7-year-olds vs. Adults) × 3 (Set Size: S1 vs. S2 Note. 'Low' and 'High' refer to the load level. 'Pure' refers to trials without distracters, and 'D' refers to 'distracter'.
TA B L E 1 Filtering trial types completed by each age group
included in the ANOVA since 4-year-olds did not complete that trial type, we probed differences between older age groups separately.
No differences transpired between 7-year-olds and adults at S4, 
| The development of filtering efficiency
Filtering performance is presented in Figure 4 . To compare filtering, we created a standardized measure of filtering using the following for- refers to d′ on the pure trials and 'Filtering' refers to d′on the filtering trials (see Table 3 for proportions of 'yes' responses across the conditions). Similar to past research that has used similar filtering ratios (see we standardized each subject's filtering performance using their pure performance. This was done to calculate performance decrement due to filtering in relation to performance on pure trials.
Because theoretically ratios greater than 1 could transpire, we capped all ratios at 1. This was done because ratios exceeding 1 transpire only when a participant was more accurate on filtering trials than on pure trials, which can stem only from random factors affecting responding. As we explain below, capping had minimal effects on the overall pattern of data. We used only low load pure trials (i.e. S1 for 4-year-olds and S2 for 7-year-olds and adults) to calculate FE because the high pure trials appeared to exceed the capacities of many individuals in the task. Thus, it would be impossible to tell whether the poor performance identified on high load filtering trials stemmed from the number of target items exceeding capacity, or from low filtering efficiency. Therefore, high load items were excluded as they would have distorted the ratio due to poor performance on pure high load trials.
Filtering efficiencies are presented in Figure 5 . These efficiencies were submitted to one-way ANOVA, with age as a factor. There were significant age differences, These results suggest that filtering continues to develop after age 7.
Following Vogel et al. (2005) , we examined correlations between filtering efficiency and average detection accuracy (i.e. d′) for the two largest loads completed by each age group in the capacity task (i.e. S2 and S3
for 4-year-olds and S3 and S4 for other groups). There was a significant correlation when collapsed across the age groups, r (85) 
| Unique contributions of filtering to WM capacity
To examine the unique contributions of selective attention to memory capacity, we implemented a hierarchical linear regression (cf. Vogel et al., 2005 ; see also Cowan, 2012; Cowan & Morey, 2006) . If change detection is based strictly on WM capacity, then only pure trials should explain a significant proportion of the variance in detection. However, if detection also relies on the ability to allocate attention efficiently, then both pure and filtering trials should uniquely explain proportions of the variance in detection.
For the regression, we used average d′on pure and filtering trials in the filtering task (see Table 1 ) to predict detection (as measured by average d′ of the two highest set sizes) in the standard capacity task.
All filtering trial types were included in this analysis.
The first step was to examine if age alone predicted average detec- Although this finding is of utmost importance, it allows multiple interpretations. First, it is possible that the development of filtering contributes to the development of WM capacity. However, it is also possible that the development of WM capacity contributes to the development of filtering. And finally, it is possible that an unknown factor affects the development of both filtering and WM capacity.
Although at present we cannot distinguish among these possibilities, the fact that WM asymptotes around 7 years of age, whereas filtering continues to develop, suggests that filtering contributes to the development of WM capacity more than vice versa. However, this conclusion is tentative and more research is needed to firmly establish such a causal connection.
| G ENER AL D ISCUSS I ON
This study reports three key findings. First, consistent with previous reports, WM capacity increases with age (Cowan, 1997) , with 7-year-olds reaching adult levels. Second, filtering efficiency continues to increase between 7 years of age and adulthood. And the third, most important and novel finding is that filtering accounts for a significant proportion of developmental and individual differences in WM capacity. Furthermore, because WM seems to asymptote around 7 years of age, whereas filtering continues to develop, it appears more likely that filtering contributes to the development of WM capacity than vice versa.
To reiterate, there are several theories of WM capacity. The first set of theories propose that WM capacity is limited because memory traces decay without maintenance. The second set of theories are 'resource-limited', either due to a limited number of 'slots' (Cowan, 2010; Zhang & Luck, 2008) or due to continuous resource limits (Bays & Husain, 2008) . The third view suggests that the limit reflects inter-item interference (Oberauer & Lin, 2017) .
Several hybrid theories also exist, one suggesting that the efficiency with which existing resources are used contributes to WM capacity (e.g. Cowan, 2010) . Each of these theories gives a rather straightforward interpretation of WM development. Our findings that filtering accounts for a significant proportion of both agerelated and individual differences in WM capacity seem to support the idea that whatever the source of the WM capacity limit is, selective attention is an important contributing factor to WM capacity and its development.
Importantly, our results diverge from those reported by Cowan and colleagues (Cowan et al., , 2011 . In both studies, the pattern of results was the opposite of that reported here: there were substantial developmental differences in WM between 6-9-year-olds (or 7-8-year-olds in Cowan et al., 2010) and adults, whereas little or no differences in filtering transpired between the groups (Cowan et al., 2011) . On the basis of these findings, Cowan (2016, p. 254 We believe that the differences in the patterns of results may stem from procedural differences between the two studies. In Cowan et al.'s (2010) WM capacity task, items were presented si-
multaneously, but participants were tested on a single probe item.
In Cowan et al. (2011) , items were presented one at a time. In contrast in the reported research, participants were queried about the whole display. We believe that both earlier procedures may be more difficult for children than the procedure reported here, thus resulting in an underestimation of children's WM capacity (e.g. Simmering,
2012, using the whole display test reported capacity estimates in 7-8-year-olds approaching those of adults).
In addition, the procedure (i.e. testing participants on the target items and on to-be-ignored items) may have influenced adults to distribute attention more than is typical, thus underestimating their filtering efficiency (FE). In particular, FE was measured as a function of memory of to-be attended item (K a ) and to-be-ignored item (K i ):
The fact that FE in adults was around 0.6 (Cowan et al., 2011, Figure 4) suggests that these adults were relatively poor at filtering irrelevant distracters. In contrast, our procedure does not invite adults to divide attention, and our results suggest that adults' performance on to-be-attended items is hardly affected by the tobe-ignored items, as their FE approaches 1 (note that the measure of FE reported here differs from that reported in Cowan et al., 2011) .
We are not suggesting that one set of findings is more 'real' than the other. What we suggest is that perhaps it is worth revisiting the conclusion that filtering is not a contender for the development of WM capacity.
We return to this issue in the section on limitations and future directions.
| Implications for attention development
Previous research has demonstrated substantial interference from irrelevant information in young children's learning, likely stemming 4-year-olds 7-year-olds Adults AverageFiltering Efficiency from distributed attention (Plude et al., 1994) . For example, Fisher, Godwin, and Seltman (2014) and Kaminski and Sloutsky (2013a) have investigated the impact of distracting environments or information on learning. Both research groups found that children demonstrated fewer learning gains under such 'perceptually rich' conditions. Thus, children demonstrate persistent difficulties in overcoming distractions, and this difficulty may impede their learning (see also Kaminski & Sloutsky, 2013b; Son, Smith, & Goldstone, 2011) .
Our results add to these findings by supporting the view that failure to filter out distracters may lead to these difficulties.
Despite these findings, the developmental mechanisms of filtering remain unknown. One possibility is that filtering is a byproduct of selection (Posner, 1980) . In this case, attention becomes more directed towards relevant items without active inhibition. However, a second possibility is that individuals improve in their ability to actively resist extraneous information (Fukuda & Vogel, 2009 ).
Future research would need to explore these potential mechanisms in greater depth.
| Limitations and future directions
There are some important issues that will require additional research. First, our results cannot eliminate the reverse interpretation: participants with higher capacities tend to filter better because they better remember what is currently relevant. Although this seems unlikely given that 7-year-olds reach adults' level of capacity, whereas filtering still develops between 7 years of age and adulthood, additional research that directly manipulates filtering is needed to establish a causal link between filtering and capacity. Also, there were some differences in the implementation of the study across our age groups (e.g. 100 ms presentation times for adults and 500 ms for children). Although, this difference is unlikely to affect the results (previous studies with presentation times ranging from 100 ms (Vogel et al., 2005) to 500 ms produced similar capacity estimates for adults), this issue needs to be addressed in future research.
And more generally, additional research is needed to examine (1) how different experimental procedures affect task difficulty and thus estimates of WM capacity in different age groups and (2) how different procedures affect attention allocation and thus measures of filtering.
| CON CLUS IONS
Although additional research is needed, this study suggests that while WM capacity increases with age, it may reach adult levels around 7 years of age. In contrast, filtering efficiency continues to increase between 7 years of age and adulthood. And, most importantly, the results suggest a unique contribution of filtering to the development of WM capacity: Perhaps more efficient filtering results in more efficient use of available WM resources. These findings have important implications for understanding the developmental mechanisms of attention and working memory as well as learning more generally.
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E N D N OTE S
1 Presenting the stimuli for 100 ms is standard in this paradigm to prevent participants from using an additional strategy (i.e. verbalizing the array) to maintain their representation. However, pilot testing revealed that this timing was too difficult for children, so we increased children's display times.
2 As d′ cannot be calculated for participants who have no misses or false alarms, we corrected these cases using the following method. For false alarms, the correction was as follows: FA = 1/(2N), where N is the number of trials. For hits, the correct was the inverse of this formula: Hits = 1− (1/(2N)).
way ANOVA probing filtering efficiency was marginally significant, p = 0.094. Furthermore, differences between adults and 7-year-olds were also marginally significant, p = 0.081, d = 0.471. The difference between adults and 4-year-olds remained significant, p = 0.041, d = 0.560, and differences between 7-and 4-year-old children remained non-significant, p = 0.606, d = 0.140. 5 Note that under conditions of uncapped filtering efficiency, similar patterns are observed: All ages together, r = 0.458, p < 0.01, Adults, r = 0.512, p = 0.006, 7-year-olds, r = 0.518, p = 0.004. 4-year-olds, r = 0.325, p = 0.092. 6 Despite the importance of these findings, one could argue that these correlations are somewhat inflated due to a learning effect: participants, who 'learned' how to better perform in the capacity task transferred their learning into the filtering task. If learning occurred, performance on pure trials in the filtering task (presented in Phase 2) should be better than that on the capacity task (presented in Phase 1). To examine this possibility, we calculated each participant's difference between the average performance on all capacity trials and the pure trials in the filtering task. We then compared this difference to zero. The difference across phases was not significantly different from zero, t(86) = 1.863, p = 0.066. Although these findings suggest a trend, it was actually in the opposite direction, with better performance in the capacity phase as opposed to the filtering phase. Thus, there was no evidence of learning across phases. 
R E FE R E N C E S
